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monitoring) i n  the c f v i l i a n  sector  o f  our soc ie ty  may be performed i n  a cost  
e f f e c t i v e  manner by use o f  small remotely p i l o t e d  a i r c r a f t  (RPA).  
was conducted t o  determine equipment (and the associated technology) t h a t  i s  
avai lab le,  and t h a t  could be appl ied t o  the mini-RPA and t o  examine the  poten- 
t i a l  app l i ca t ions  o f  the  mini-RPA w i t h  special emphasis on the w i l d  f i r e  
surve i l lance mission. 
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CHAPTER I 
I N T R O D U C T I O N  
A number o f  remote s e n s i n g  o r  s u r v e i l l a n c e  t a s k s  
( e .g . ,  f i r e  f i g h t i n g ,  c rop  moni tor ing)  i n  t h e  c i v i l i a n  
s e c t o r  of our  s o c i e t y  may be performed i n  a cos t  e f f e c t i v e  
manner by use  o f  small remotely p i l o t e d  a i r c r a f t  (RP.4). 
The RkI’, can reduce  f u e l  cos t s ,  equipment expense,  main- 
tenance  c o s t s  and o p e r a t o r  c o s t s .  A l s o ,  t h e  boredom of 
d i r e c t l y  conduct ing long s u r v e i l l a n c e  j o b s  wi th  a s i n g l e  
manned a i r c r a f t  can be e l i m i n a t e d .  Thus,  t h e r e  appears  
t o  be s u f f i c i e n t  reason  t o  : . o t iva t e  d e t a i l e d  a n a l y s i s  o f  
t h e  c o s t s  and b e n e f i t s  o f  implementing an  RPA f o r  c i v i l i a n  
uses .  
To conduct such a s tudy  r e q u i r e s  f u r t h e r  i n v e s t i g a -  
t i o n  of  i t s  u s e s ,  t h e  p o t e n t i a l  inarket, t h e  laws and 
r e g u l a t i c n s  a f f e c t i n g  i t s  u s e ,  t h e  environmental  impact ,  
and t h e  a v a i l a b l e  technology t o  c o n s t r u c t  a p p r o p r i a t e  
v e h i c l e s .  This survey  was conducted t o  determine equip-  
ment (and t h e  a s s o c i a t e d  technology)  t h a t  i s  a v a i l a b l e ,  
and t h a t  could  be a p p l i e d  t o  t h e  RPA.  The r e s u l t s  of 
t h i s  survey  can a i d  i n  system d e s i g n ,  c o s t  e s t i m a t i o n ,  
and de te rmina t ion  of requi rements  f o r  fur t ,her  t e c h n i c a l  
development. 
This  r e p o r t  i s  o rgan ized  as fo l lows .  Chapter  I1  
d i s c u s s e s  f u r t h e r  t h e  p o t e n t i a i  a p p l i c a t i o n s  of  t h e  RP.4 
wi th  s p e c i a l  emphasis being p l aced  upon t h e  w i l d  f i r e  
s u r v e i l l a n c e  mission.  Chapter  I11 p r e s e n t s  o p e r a t i o n a l  
c o n s i d e r a t i o n s  of u s ing  t h e  RP.4 a s  a f f e c t e d  by government 
r e g u l a t o r y  agenc ie s .  Chapter  I V  p r e s e n t s  t h e  survey  of 
v a r i o u s  equipment which would be a ? a r t  of t h e  RPA.  
Chapter  V presents concluding remarks. Consider ing the  
b r e a d t h  o f  t h e  s u b j e c t  and t h e  l e v e l  of  e f f o r t  ( t h r e e  
man-months), t h e  r e p o r t  i s  n e c e s s a r i l y  of  a p re l imina ry  
n a t u r e .  
. 
The b ib l iog raphy  i s  a l i s t  of r e f e r e n c e s  a s s o c i a t e d  
wi th  s p e c i f i c  a s p e c t s  and uses  of t h e  RPA which should  
be u s e f u l  t o  both t h e  systems a n a l y s t  and t h e  des ign  
s p e c i a l i s t .  For an overview of c u r r e n t  t h ink ing  i n  RPX 
systems and programs, Refs .  1-9 a r e  sugges ted .  
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CHAPTER I1 
REMOTE SENSING MISSION SCENARIOS 
A s i g n i f i c a n t  p o r t i o n  of  NASA's r e s e a r c h  e f f o r t  i n  
e a r t h  r e sources  e v a l u a t i o n  has  been devoted t o  i d e n t i f y i n g  
and developing remote s e n s i n g  a p p l i c a t i o n  a r e a s  and 
a s s o c i a t e d  system requi rements .  Recent i n t e r n a l  s t u d i e s  
have at tempted t o  assess t h e  d a t a  a c q u i s i t i o n  and handl ing  
requirements  f o r  remote sens ing  p l a t fo rms  i n  aircraft and 
s p a c e c r a f t  [10,11] .  Th i s  c h a p t e r  i s  devoted t o  i d e n t i f y -  
ing  remote sens ing  miss ions  and a s s o c i a t e d  s c e n a r i o s ,  
s u i t a b l e  f o r  mini-RPA's, based on a number of e a r l i e r  
r e p o r t s  [ lo-161.  The p r i n c i p a l  t h e s i s  o f  t h i s  c h a p t e r  is 
t h a t  f o r  a p p l i c a t i o n  a r e a s  where a i r c r a f t  a r e  c u r r e n t l y  
be ing  used o r  planned f o r  f u t u r e  usage,  mini-RPA's con- 
s t i t u t e  a p o t e n t i a l  replacement ,  p rovided  t h a t  t h e  s e n s o r  
package c o s t ,  s ize ,  weight ,  and power requi rements  can be 
met. 
P o t e n t i a l  A p p l i c a t i m  Areas 
Typ ica l ly ,  a remote sens ing  system c o n s i s t s  of a 
carr ier  v e h i c l e  (e.g. , .mini-RPA) , a n a v i g a t i o n ,  guidance 
and c o n t r o l  system, a s e n s o r  package (e .g . ,  v i s i b l e  band, 
c o l o r  i n f r a r e d  r a d i a t i o n  d e t e c t o r s ) ,  d a t a  p r o c e s s o r s  ( e . g . ,  
onboard microprocessors ,  d a t a  l i n k ,  and a c o n t r o l l e r  and 
i n t e r p r e t e r  , ( e .g . ,  remotely l o c a t e d  human u s e r ) .  I t  is  
important  t o  n o t e  t h a t  t h e  e f f e c t i v e n e s s  of  remote s e n s i n g  
depends both on senso r  d a t a  accuracy and ease  of  i n t e r -  
p r e t a t i o n / u t i l i z a t i o n .  The requi rements  f o r  d a t a  accuracy  
and u t i l i z a t i o n  of  t h e  system a r e  q u i t e  miss ion  dependent.  
and many o f  t h e s e  are l i s t e d  i n  Table 2 . 1 .  
c a t i o n  a r e a s  t h a t  are  most promising i n c l u d e :  
Seve ra l  a p p l i c a t i o n s  o f  t h e  RPA have been sugges ted ,  
S p e c i f i c  a p p l i -  
(1) f i r e  p r e v e n t i o n ,  d e t e c t i o n  and c o n t r o l ;  
( 2 )  p o l l u t i o n  monitor ing ( l o c a t i o n ,  e x t e n t )  and RF 
n o i s e  monitor ing f o r  s a t e l l i t e  communication 
s y s  tems [ 2 1  J ; 
(3) crop c e n s u s / d i s e a s e  ; 
( 4 )  mapping land  u s e / d r a i n a g e / s o i l s ;  
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TABLE 2 . 1  - EXAMPLE OF RPV C I V I L  APPLICATIONS 
1. LAW Enforcement Apmcfcs 
2. 
3. 
4 .  
5. 
6. 
7. 
8 .  
9. 
S t a ~ e ,  County, and X u n i c i p a l  
C o v e r m n c r  
Cout C u r d  
Treasury  Depar tmen t 
Environmental P r o t e c t i o n  
h e w  
Department of A C r i c u l t u r e  
National Oceanographic and 
Atmospheric Agency 
NhsA 
Cownrrcirl Or~mfzacionr 
0 Traffic s i t rve i l ' ance  a i d  codtrol 
0 t b n i t o r i n g  o f  large crowd e v e n t s  - parades. 
s p o r t i n g ,  convent ions  
0 & n i t o r  emergencies horh n a t u r a l  and ran- 
-de. e.g., floods, e a r t h q u a k e s ,  f i r c s ,  
riots. etc. 
0 Search  and r e s c u e  - c s p c c i n l l y  rough rer- 
rain and haztardous arcas 
0 Lake, r i v e r  and beach patrols 
0 I n d u s t r i a l  s e c u r i t y  patrol 
0 Assessing l a n d  v a l u e s  
0 Urban land  use  p l a n n i n g  
0 Mapping. s u r v e y i n g  
0 H8rbor p a t r o l  f o r  p o l l u t e r s  
0 Search  and r e s c u e  
0 Great Lakes and S t .  Laurence Seavay i c e  
0 Ocean drnping  
0 Oceanic r e s e a r c h  - sea state measurements 
Border Patrol - l and .  uater and l o r  f l y i n g  
0 S u r v e i l l a n c e  of o t h e r  e v e n t s  o f  acc iv i : ies  
0 P o l l u t i o n  moni tor ing ,  measurement and sur-  
0 Monitx s t a t i o n e r y  and l i n e  s o u r c e s  
0 T r a c t t .  i n v e r s i o n  l a y e r  r c s e a r c n  s t u d i e s  
0 Ebni to i - ins  of o f f  s h o r e  ' o i l  d r i l l i n g  and 
0 Uoni tor  thermal  p o l l u t j  1 of Nuclear  power 
0 S u w e i l ? a n c e  f o r  f o r e s t s  and n a t i o n a l  08rks 
Command post i n f o r m a t i o n  rigring f o r e s t  
f i r e s  
0 Crop 8nd f o l f a g e  monftorfng 
0 W i l d l i f e  management 
0 Weather r c s e r r c h  
0 Severe storm d a t a  g a t h e r  
0 Ocean r e s e a r c h  s t u d i e s  
# Acrodynarnic r e s e a r c h  and v a l i d a t i o n  
0 Avionics  evaluation 
0 S t r u c t u r a l  exper imenta t ion  
0 Propulsion sys tem test 
0 S t a b i l i t y  a u g n e n t a t i o n  r e s e a r c h  
0 Air T r a f f i c  C o n t r o l  Systems v a l i d a t i o n  
0 Rai l road  r v t t c h  y a r d s  
F f s h i n g  Elcecs - l o c 3 t f o n  o l  s c h o o l s  
Ranches - l i v e  s t o c k  management 
0 Communications - relay s t a t i o n  
0 P r o s p e c t i n g  
Cheap "satc11Ite" fo r  undeveloped c o u n t r i e s ,  
0 Advertisin:, p u b l l c  announcements 
formation 
v c ? l l a n c e ,  a i r  vatcr, l and  
r igs  
plm1.s 
" e a r t h  r e s o u r c e s  s tudy" 
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(5) crime c o n t r o l  [15]  (dangerous m i s s i o n s - f u g i t i v e s ,  
s n i p e r s ,  r i o t s ,  s u r v e i l l a n c e - r e m o t e  r o a d s ) ;  and 
( 6 )  c o r r i d o r  moni tor ing  (remote p i p e l i n e s ,  roads ,  
c a n a l s ) .  
Although a number of  o t h e r  a p p l i c a t i o n s  are f e a s i b l e  
[ l o ] ,  t h e  above have been chosen on t h e  b a s i s  o f :  (1) t h e  
urgency o f  t h e  problem, ( 2 )  remoteness O r  i n a c c e s s i b i l i t y  
of  t h e  r eg ion ,  (3) s i g n i f i c a n t  c o s t  impact ,  (4 )  danger  t o  
human l i f e ,  and ( 5 )  monotony of  t h e  t a s k .  A t  t h i s  s t a g e ,  
most of t h e s e  a p p l i c a t i o n s  are  j u s t  i n  t h e  p lanning  phase.  
A d e f i n i t i v e  c o s t / b e n e f i t  a n a l y s i s  is r e q u i r e d  b e f o r e  f u r -  
t h e r  system development can  commence; t h i s  r e p o r t  w i l l  a i d  
ia such an a n a l y s i s .  F,?r f u r t h e r  i n fo rma t ion  on t h e  poten-  
t i a l  a p p l i c a t i o n s  r e f e r  t o  Refs. 13-21. 
s t u d y  focuses  on w i l d  f i r e  s u r v e i l l a n c e  because o f  po ten-  
t i a l  c o s t  s av ings  and because t h i s  miss ion  has  t h e  essent ia l  
f e a t u r e s  of most s u r v e i l l a n c e  tasks. I n  a 13-day p e r i o d  
i n  1970, f i r e  burned ove r  a h a l f  m i l l i o n  a c r e s  o f  w i ld  l and  
i n  C a l i f o r n i a .  Almost 800 houses were des t royed ,  and 16 
l i v e s  were l o s t  as a d i r e c t  consequence of t h i s  series 01 
w i l d f i r e s .  Costs  and losses were estimated a t  over  200 
m i l l i o n  d o l l a r s ;  n o t  count ing  s u b s t a n t i a l  expec ted  f u t u r e  
damage from f l o o d  and e r o s i o n  [16] . ,  Thus, t h e  RPA has t h e  
p o t e n t i a l  o f  s u b s t a n t i a l l y  reducing  w i l d f i r e  l o s s e s  by 
improving t h e  i n t e n s i t y  o f  survei l lance.  This  a p p l i c a t i o n  
p rov ides  a s t r o n g  motive t o  conduct f u r t h e r  s t u d i e s  as . 
well as provid ing  a focus  f o r  t h i s  e f f o r t .  
Among t h e  s i x  s p e c i f i c  a r e a s  noted  above, t h e  p r e s e n t  
F i r e  F igh t ing  FIission 
61 m i l l i o n  acres ( l o 5  s q u a r e  miles) and a re  shown i n  F i g .  
2.1 [16] .  The s p e c i f i c  s e n s o r  measurement parameters  
which have been de r ived  h e r e i n  a r e  p r e s e n t e d  i n  Table  2 . 2 .  
The t a b l e  a l s o  i d e n t i f i e s  t h e  senso r  t y p e ,  minimum r e s o l u -  
t i o n  r e q u i r e d ,  minimum number of miss ions  p e r  day, and 
p r e f e r r e d  senso r  p l a t fo rm.  
is o f  a lower r e s o l u t i o n  and sampling r a t e  compared t o  the 
min i -RPA senso r  d a t a .  The u t i l i z a t i o n  of  t h e s e  two d i f -  
f e r e n t  s enso r  p l a t fo rms  g i v e s  t h e  fo l lowing  b e n e f i t s :  
The w i l d  l and  p r o t e c t i o n  a r e a s  i n  C a l i f o r n i a  t o t a l  
Note t h a t  s a t e l l i t e  s enso r  d a t a  
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FIGURE 2 . 1  AREAS OF WILD LAND FIRE PROTECTION 
RESPONSIBILITY I N  CALIFORNIA 
(1) Redundancy and,  t h e r e f o r e ,  r e l i a b i l i t y  of  d a t a  
sou rces .  
( 2 )  D i s t r i b u t e d  ( l o c a l )  c o n t r o l  of mini-RPA's t o  
achieve  v a r i a b l e  sampling r a t e s ,  geographic  
l o c a t i o n  and mul t i -mis s ion  o b j e c t i v e s  ( s e a r c h ,  
r e s c u e ,  warning) .  
Consequent ly ,  i t  i s  recommended t h a t  w i ld  f i r e  con- 
t r o l  systems u t i l i z e  s a t e l l i t e  gene ra t ed  d a t a  f o r  a macro- 
assessment  and m i n i - R P A  gene ra t ed  d a t a  f o r  a micro-  
assessment  of t h e  f i r e  c o n t r o l  f u n c t i o n .  The s p e c i f i c  
a c t i v i t i e s  r e q u i r i n g  mini-RPA d a t a  w i l l  be: 
(1) F i r e  d e t e c t i o n :  t o  s w i f t l y  d e t e c t  ( l o c a t e )  and 
e s t i m a t e  t h e  s i t e  of a f i r e .  
a 
n 
z 
W z 
w er: 
n 
ck 
I 
N 
N 
w 
4 a 
I I I 
x c a 
0 
F, 
'd 
0 
Y 
h 
e I 
I 2  I 21 
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( 2 )  Fi re  sp read  and danger models: t o  g e n e r a t e  
. a c c u r a t e  parameters  f o r  i n p u t  i n t o  the  f i r e  
sp read  and f i r e  danger r a t i n g  (FDR) equa t ions  
( s e e  Table  2.3). 
( 3 )  Fire suppres s ion :  t o  gen 
a c c u r a t e l y  t h e  optimum d i  
f o r  f i r e  f i g h t i n g  u n i t s  t 
.erate qu ick ly  and 
. spa t ch  i n s t r u c t i o n s  
.o c o n t r o l  t h e  f i r e .  
I n  a d d i t i o n  t o  t h e s e  primary f u n c t i o n s ,  o t h e r  a c t i v i -  
t ies  i n c l u d e :  
(1) s e a r c h  f o r  miss ing  persons  ( v i s i b l e  spectrum-TV); 
( 2 )  supply of medical  a i d  and communication equip-  
ment t o  s t r a n d e d  persons  ( s t o r e s  r e l e a s e ) ;  
(3) r e l a y  of warnings: (a )  i l l e g a l  a c t i v i t i e s ,  and 
(b) inclement  weather  (remote loudspeaker -  
speech s y n t h e s i z e r ) ;  and 
TABLE 2.3 - FIRE DANGER RATING MODEL--INPUT 
PARAMETERS [ 1 7 1  
I SOURCE 
From remote 
me teoro 1 og i ca 1 
s ta t i ons  w i t h  
Local condi t ions 
generated by RPA 
and estimated by 
observer (when 
sub j e c t  i ve ) 
PARAMETERS 
0 Sta t i on  number 
0 S ta t i on  e levat ion 
0 Date 
e Wet and d r y  bulb temperatures 
0 10 hrs anti 1 h r  t ime l a g  fuel moisture 
0 24 hrs  maximum and mininium r e l a t i v e  humidi t ies 
0 P r e c i p i t a t i o n  k ind  
0 P r e c i p i t a t i o n  magnitude 
0 24 h rs  maximum and minimum temperatures 
e Wind speed 
0 Wind d i r e c t i o n  
0 State o f  weather (e.g., l i gh ten ing  a c t f v i  t y )  
e Slope class 
0 Prec ip i  tat ion--beginning, end, du ra t i on  
0 Vegetation condi t ion 
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( 4 )  communication r e l a y  t o  f i r e  f i g h t i n g  p a r t i e s  ir! 
h i l l y  t e r r a i n .  
For t h e  f i r e  f i g h t i n g  mis s ion ,  t h e  requi rements  w j ' .  
be gene ra t ed  i n  terms of s e n s o r s  ( e . g . ,  purpose,  t y p e ,  
r e s o l u t i o n ,  sampling r a t e )  and performance ( e . g . ,  rang  b .  
hours ,  a t t i t u d e ,  maneuverab i l i t y ) .  
The w i l d  land  i n  C a l i f o r n i a  i s  approximately 6 1  
m i l l i o n  acres (one hundred thousand squa re  m i l e s ) ;  only a 
c e r t a i n  p o r t i o n  of  t h i s  v a s t  a r e a s  poses  a f i r e  hazard  and 
t h a t ,  t o o ,  on ly  dur ing  t h e  summer months. Thus, i t  is  
r easonab le  t o  assume t h a t  mini-RPA s u r v e i l l a n c e  w i l l  be 
j u d i c i o u s l y  u t i l i z e d  a t  a l o c a l  l e v e l  based on f i r e  hazard  
h i s t o r y  and o t h e r  d a t a  s o u r c e s  ( e . g . ,  s a t e l l i t e s ) .  More- 
ove r ,  knowledge of t h e  s p e c i a l  f e a t u r e s  of  t h e  l o c a l  
topography w i l l  be used t o  des ign  f l i g h t  t r a j e c t o r i e s  so 
a s  t o  p rov ide  more f r e q u e n t  samples from a r e a s  wi th  a 
h i g h e r  f i r e  danger r a t i n g  (FDR) [17] .  In  o t h e r  words,  
r e s o u r c e s  w i l l  be  . ynamical ly  r e a l l o c a t e d .  Other reasons  
f o r  t h e  j u d i c i o u s  use  of mini-RPA's a r e  p o l l u t i o n  ( n o i s e ,  
a i r ) ,  a i r s p a c e  usage,  and communication channel  usage. 
These o p e r a t i o n a l  a s p e c t s  are cons ide red  i n  t h e  next  chap- 
t e r .  
To provide  a numerical  example, i t  i s  assumed t h a t  
t h e  s u r v e i l l a n c e  miss ion  is t o  cover  t e n  thousand squa re  
miles (-100 miles' 'L 160 km') . 
t h e  r e s o l u t i o n  element is 1 m 2  (-3 f t ' )  and t h e  number of 
samples i s  two p e r  day [ 1 7 ] .  These requi rements  can b e  
t r a n s l a t e d  i n t o  t h e  above mentioned sensor/performance 
s p e c i f i c a t i o n s  and t h e  number of  mini-RPA's r e q u i r e d .  
Based on t h e  m a t e r i a l  i n  Refs .  1 - 9 ,  an a l l  w-ng mini-RPA 
i s  s e l e c t e d ;  t h e  p r i n c i p a l  r easons  a r e  eas ic : ,  launch/  
r ecove ry ,  lower wing  load ing ,  l a r g e  f l a t  a r e a  f o r  s e n s o r s  
(TV, I R )  and phased a r r a y  an tennas ,  and h igh  endurance.  
The nominal c r u i s e  speed i s  assumed t o  be 1 5 0  nm/hr (%250 
f t / s e c ,  $270 km/hr),  an o p e r a t i n g  a l t i t u d e  of 2000 f t  
(110.54 km, $0.3 nm) and an o p e r a t i n g  r a d i u s  of 200 miles 
(-320 km) f o r  t h e  s u r v e i l l a n c e  miss ion .  For a coverage 
reg ion  of 1 0 0  miles' and a coverage p e r i o d  of 1 0  hours  for 
t h e  f i r e  danger r a t i n g  (FDR) d a t a  c o l l e c t i o n  t a s k  and a 
l a n e  wid th  of 1 mi le  (approximately 90' f i e l d - o f - v i e w ) ,  a 
f l e e t  of seven senso r  miss ion  RPA's and one communication 
l i n k  RPA would be r e q u i r e d .  Such RPA c o n f i g u r a t i o n s  a r e  
r e f e r r e d  t o  l a t e r  i n  t h i s  r e p o r t .  
F u r t h e r ,  it is  assumed t h a t  
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CHAPTER I11 
OPERATIONAL CONSIDERATIONS 
The development of mini-RPA's i n  t h e  c i v i l i a n  envi -  
ronment w i l l  r e q u i r e  t h e  approval  ( t a c i t  o r  formal )  of a 
number of i n t e r e s t  groups.  ThLse inc lude  Federa l  govern- 
ment agencies  (FAA, FCC,  EPA),  l o c a l  government ( s ta te ,  
coun t ry ,  c i t y )  and t h e  user community ( p o l i c e ,  f i r e  d e p a r t -  
ment, FBI, EPA, Dept. of  A g r i c u l t u r e ,  F o r e s t  S e r v i c e ,  e t c . ) .  
A summary o f  c i v i l i a n  RPA r e g u l a t o r y  f a c t o r s  i s  p r s s e n t e d  
i n  Table  3.1. The o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  p r o j e c t  
c u r r e n t  r e g u l a t i o n s  a s  t hey  may b e  a p p l i e d  by t h e  govern- 
ment agencies .  S p e c i f i c a l l y ,  r e g u l a t i o n s  concerning a i r -  
space  usage (FAA) and communication frequency/bandwidth 
a l l o c a t i o n  (FCC) a r e  d i s c u s s e d .  
FCC Regula t ions  
Besides  o t h e r  a c t i v i t i e s ,  t h e  Fede ra l  Communications 
Commission (FCC) is  r e s p o n s i b l e  f o r  t h e  a l l o c a t i o n  of t he  
e l ec t romagne t i c  spectrum among many users (government, i n -  
d u s t r y ,  t r a n s p o r t a t i o n ,  e t c . ) .  E s s e n t i a l l y ,  t h e  FCC con- 
t r o l s  t h e  range o f  f r e q u e n c i e s  (band) and t h e  power o f  t h e  
t r a n s m i t t i n g  equipment. 
TABLE 3.1 - C I V I L I A N  RYA REGULATORY FACTORS 
? Federal Aviation Agency - License - Certification - Operating Areas - Enroute Comnunications - Navigation 
Federal Comnunications - License - Transmitter Power - Frequency Allocat 
Comni ss i on 
ons 
Env i ronmenta 1 Protection Agency - Emissions - Noise - Vi sua1 Observabl es 
- Approvals State and Local Governments 
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P r i o r  t o  t r a n s m i t t i n g  remote senso r  in fo rma t ion  t o  t h e  
ground p rocess ing  f a c i l i t y ,  t h e  p a r t i c u l a r  u s e r  group would 
have t o  r e q u e s t  a spectrum a l l o c a t i o n  from t h e  FCC.  A 
number of Federa l  agenc ie s  a l r e a d y  have c e r t a i n  bands 
r e se rved  e x c l u s i v e l y  f o r  t h e i r  use.  Because t h e  s p e c i f i c  
band a l l o c a t i o n  i s  l a r g e l y  dependent on t h e  u s e r ,  i n  t h e  
p r e s e n t  s t u d y ,  eng inee r ing  c a l c u l a t i o n s  assume a band a l l o -  
c a t i o n  a t  L GHz w i t h  a 6 MHz bandwidth and a power r e s t r i c -  
t i o n  of 150 watts us ing  d i r e c t i o n a l  an tennas  ( e . g . ,  phased/ 
a d a p t i v e  a r r a y s ) .  The ':Page of equipment i s  assumed t o  
be r e s t r i c t e d  t o  r u r a l  : eas ( e . g . ,  w i l d  l a n d ) .  
FAA Regula t ions  
The Fede ra l  Av ia t ion  Admin i s t r a t ion  (FAA) i s  respon-  
s i b l e  fo r  r e g u l a t i n g  t h e  usage of  a i r s p a c e .  In  t h i s  capa-  
c i t y ,  t h e  FAA tes ts  and c e r t i f i e s  a i r c r a f t  and a s s o c i a t e d  
a i r b o r n e  and ground equipment as being a c c e p t a b l e  f o r  usage.  
The p e r t i n e n t  FAA documents a re  l i s t e d  i n  Refs. 2 3 - 2 8 .  
key elements of t h e  1982 bas . l i ne  system inc lude :  
Discrete Address Beacon Systems (DABS) i n  high 
d e n s i t y  areas; 
d a t a  l i n k  i n  a l l  h igh  d e n s i t y  t e r m i n a l  and most 
en rou te  P o s i t i v e  Con t ro l  Ai rspace  (PCA); 
Terminal Con t ro l  Areas (TCA's) .it major hubs;  
meter ing  and spac ing  a t  major t e r m i n a l s ;  and 
d i r e c t  RNAV r o u t i n g .  
The proposed area n a v i g a t i o n  implementat ion f o r  t h e  en rou te  
low a l t i t u d e  a i r s p a c e  (below 18K f t )  i s  s p e c i f i e d  i n  a 
number of references [ 2 3 - 2 6 1 ,  and i s  g iven  i n  Table  3 . 2 .  
Because a l l  r o u t e s  a r e  prep lanned ,  t h e  u s e r  ( e . g . ,  
w i ld  land  s u r v e i l l a n c e - f o r e s t r y  s e r v i c e )  can n o t i f y  t h e  
r e q u i r e d  FAA r o u t e  p lanning  center  or' t h e  proposzd 
s u r v e i l l a n c e  t r a j e c t o r i e s  and a s s u r e  n o n i n t e r f e r e n c e  w i t h  
o t h e r  a i r c r a f t .  During a c r i t i c a l  , - r iod  ( e . g . ,  h igh  FDR), 
t h e  FAA can be r eques t ed  t o  d e c l a r e  -,le a r e a  under s u r -  
v e i l l a n c e  t o  be a r e s t r i c t e d  a i r s p a c e  zone. Table  3 . 2  
a l s o  i n d i c a t e s  t h a t  t h e  mini-RPA n a v i g a t i o n  system must be 
1 0  
TABLE 3.2 - LOW ALTITUDE EXAMPLE AIRSPACE 
IN 1982 [23,24]  
1 
SYSTEM ELEKNT AVAI  LAB1 L ITY 
30 Available t o  equipped users 
Preplanned routes Yes 
Horizontal route width - +2.5 nm 
Vertical separation loo0 ft 
Para1 le1 routes Prep1 anned 
a c c u r a t e  enough t o  main ta in  t h e  + 2 . 5  nm h o r i z o n t a l  r o u t e  
width and t h e  1000 f t  v e r t i c a l  s e p a r a t i o n  requi rements .  
Cur ren t ly ,  t h e  a i r s p a c e  below 1200 f t  AGL (Abobe Ground 
Level) i n  t h e  e n r o u t e  phase ,  and below 700 f t  AGL i n  t h t  
t r a n s i t i o n  reg ion  nea r  a i r p o r t s  and major hubs,  is uncon- 
t r o l l e d .  From 1200 f t  AGL t o  18000 f t  MSL (Mean Sea Leve l ) ,  
t h e  en rou te  a i r s p a c e  i s  n o t  c u r r e n t l y  under p o s i t i v e  con- 
t r o l ;  bu t  i n  t h e  post-1982 time phase,  i t  w i l l  be.  Con- 
sequen t ly ,  a l l  m i n i - R P A ' s  must be  equipped wi th  a DABS 
d a t a  l i n k  system t o  p rov ide  t r a j e c t o r y  d a t a .  A d e c i s i o n  
w i l l  have t o  be made concerning t h e  a p p l i c a b i l i t y  o f  e n r o u t e  
p o s i t i v e  c o n t r o l  commands from t h e  a i r  t r a f f i c  c o n t r o l  
cen te r .  Th i s  requirement  can p o s s i b l y  b e  removed by 
r eques t ing  a r e s t r i c t e d  a i r s p a c e  des igna t ion .  
t h e  r e l a y  mini-RPA could  be  a t  10,000 f t  AGL, and i n  t h i s  
ca se  would r e q u i r e  a t ransponder  and p o s s i b l y  a X e n m  
f l a s h e r  as a warning t o  VFR a i rc raf t  n o t  o p e r a t i n g  on a 
f l i g h t  plan.  
quen t ly ,  no d e t a i l e d  c e r t i f i c a t i o n  requi rements  ex is t .  
However, from c u r r e n t  p r a c t i c e s  i t  can be surmised t h a t  t h e  
o v e r a l l  FAA o b j e c t i v e  i s  t o  ensu re  s a f e t y ,  t o  p rec lude  l o s s  
of  human l i v e s  and damage t o  p rope r ty .  Thus, it is  reason-  
a b l e  t o  assume t h a c  t h e  onboard guidance system w i l l  be  
f a i l  pas s ive  ( i . e . ,  b a i l t - i n  s e l f - m o n i t o r i n g  equipment t o  
i n d i c a t e  t o  t h e  remote o p e r a t o r  any major subsystem f a i l -  
ure)  and i t  w i l l  have a s s o c i a t e d  emergency recovery  equip-  
ment and p rede f ined  emergency procedures .  
I n  any case, 
The FA,?. c u r r e n t l y  does n o t  c e r t i f y  R P A ' s  and, conse-  
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CHAPTER I V  
SYSTEM COMPONENTS AND TECHNOLOGY 
Th i s  c h a p t e r  begins  by fo rmula t ing  a RPA system con- 
f i g u r a t i o n .  Then each o f  t h e  main subsystems are d i s c u s s e d  
t o g e t h e r  w i th  t h e  a l t e r n a t i v e s  a v a i l a b l e .  A s u b s t a n t i a l  
amount o f  work needs t o  be done p r i o r  t o  a r r i v i n g  a t  a f i n a l  
c o n f i g u r a t i o n .  
System Conf igu ra t ion  
Based on t h e  p rev ious  d i s c u s s i o n ,  a p re l imina ry  
sys tem s c e n a r i o  f o r  t h e  f i re  f i g h t i n g  mis s ion  can be g r a p h i -  
c a l l y  d e p i c t e d  as i n  Fig.  4.la. The c o r u u n i c a t i o n  r e l a y  
v e h i c l e  can be a blimp [ 8 ] ,  a b a l l o o n ,  or an a l l  wing r i n i -  
RPA. Moreover, instead o f  receiving/decoding/retransnitting 
video  c o n t r o l  d a t a  t o  and from t h e  s e n s o r  RPA, a p a s s i v e  
r e f l e c t o r  can be used. Veh ic l e  t ype  and communications 
equipment are d i s c u s s e d  more f u l l y  later. I n  any case, t h e  
Relay RPA w i l l  r e q u i r e  a Xenon lamp and a t ransponder .  
F igu re  4.1b d e p i c t s  an  a l l - w i n g  RPA s u i t a b l e  f o r  t h e  Relay 
RPA wi th  performance s p e c i f i c a t i o n s  cor responding  t o  t h o s e  
of the-example  used i n  Chapter  11. 
cerned wi th  a i r b o r n e  and ground systems a r e  found i n  Refs. 
Genera l  material con- 
22-34. 
The concep tua l  RPA d e s i g n s  can be determined i n  equa l  
measure by mission requi rements  and by a v a i l a b l e  technology,  
bo t?  e x i s t i n g  and p r o j e c t e d  t o  1985. The main subsystems 
which make up t h e  RPA system inc lude :  
RPV type 
Airframe 
Propu l s ion  and power ( b a t t e r i e s ,  a l t e r n a t o r s )  
Launch and recovery  
Ground c o n t r o l  
Man-machine interface 
Data l i f ik ,  communications, and t r a c k i n g  
Onboard n a v i g a t i o n ,  guidance and c o n t r o l  
Sensors  and payload a p p l i c a b l e  t o  v a r i o u s  RPA 
miss i o n s  
S a f e t y  equipment 
In each ca t egory ,  items can be i d e n t i f i e d  as e i ther  c u r -  
r e n t l y  a v a i l a b l e ,  c u r r e n t  s t a t e - o f - t h e - a r t ,  p robably  a v a i l -  
able by 1980, or p r e d i c a t e d  on an advance i n  t h e  s t a t e - o f -  
t h e - a r t  cons ide red  t o  be a p o s s i b i l i t y  t.v 1985. 
FIGURE 4.la - PRELIMINARY MINI-RPA SCENARIO 
I 2 Weight: 99 lb; span: 6.4 ft; Loading: 7.2 lb/ft ; Speed: 150 kts; I Range: 1,200 mi; Altitude: 5,000 f t ;  Payload: 30 lb 
~ 
FIGURE 4.lb - ALL-WING MINI-RPA SUITABLE FOR RELAY VEHICLE 
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An example Sensor  RPA i s  d e p i c t e d  i n  b lock  diagram 
form i n  F i g .  4.2 .  
basis of major subsystems, as w e l l  a s  t h e  a s s o c i a t e d  compon- 
e n t s .  
The diagram has been p a r t i t i o n e d  on t h e  
For each  o f  t h e  subsystems which can be d e f i n e d  a s  a 
s e p a r a t e  p i e c e  of hardware, an i n -dep th  survey can be made 
of what is c u r r e n t l y  a v a i l a b l e  ( o f f - t h e - s h e l f )  and what i s  
a n t i c i p a t e d ,  Such a survey  would produce t h e  fo l lowing  
items: t t c h n  :ogy d e s c r i p t i o n ,  time of a v a i l a b i l i t y ,  cost 
assessment based on p roduc t ion  q u a n t i t y ,  power requi rements ,  
weight ,  -size and shape ,  computat ional  requi rements ,  and 
accuracy of readout  ( d i g i t a l  o r  ana log ) .  Hardware compon- 
e n t s  i n c l u d e  t h o s e  f o r  p ropu l s ion ,  power, communications, 
f l i g h t  c o n t r o l ,  and m i s s i o n - r e l a t e d  s e n s o r s .  The fo l lowing  
s e c t i o n s  are t h e  beginning of such surveys .  Each of t h e  
elements  shown i n  Fig.  4 .2  a s  w e l l  a s  t h o s e  l i s t e d  above 
is discussed .  
RPA Type and Airframe A l t e r n a t i v e s  
S e v e r a l  t ypes  of v e h i c l e s  can be cons ide red  for  c i v i l i a n  
RPA a p p l i c a t i o n s .  
b e t - t e t  t o  t h e  requi rements  of each a p p l i c a t i o n ,  an a n a l y s i s  
must be made of each type  of v e h i c l e  t o  determine i t s  
g e n e r a l i z e d  o p e r a t i n g  c h a r a c t e r i s t i c s .  The vehia Te types  
inc lude  : 
I n  o r d e r  t o  match v e h i c l e  c h a r a c t e r i s t i c s  
(1) Fixed Wing - r i g i d ,  f l e x i b l e  
( 2 )  Rotary Wing - powered r o t o r ,  au to  gyro 
( 3 )  Lighter-Than-Air  - blimps,  etc, 
The primary parameters  are payload weight ,  endurance,  speed,  
and power requi rements .  I t  is understood t h a t  t h i s  i s  not  
a unique o r  complete set of parameters .  For i n s t a n c e ,  
t akeof f  weight v s .  range f o r  a given payload may be more 
meaningful f o r  a p a r t i c u l a r  a p p l i c a t i o n .  However, as a 
means of c a t e g o r i z i n g  v e h i c l e s ,  t h e s e  parameters  a r e  reason-  
ab ly  unambiguous f o r  RPA a p p l i c a t i o n s .  
As an example, v e h i c l e s  can be compared as  t o  speed 
and endurance f o r  a given payload weight a s  d e p i c t e d  i n  
Fig.  4.3 .  Such a f i g u r e  compares t h e  v e h i c l e  types  w i t h  
one ano the r .  
by one o r  more p o i n t s  on t h e  graph,  t h i s  t ype  of f i g u r e  
can be used t o  compare v e h i c l e s  and requi rements .  
v e h i c l e  comparison can be made on t h e  b a s i s  of speed vs .  
When a s p e c i f i c  a p p l i c a t i o n  can be  expressed  
Another 
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Navigation 
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FIGURE 4 . 2  - SYSTEM BLOCK DIAGRAM FOR THE SENSOR AND R E L A Y  
MINI-RPA'S 
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ENDURANCE 
7 LIGHTER-THAN-AIR 
FIGURE 4.3 - COMPARISON OF VEHICLE TYPES WITH RESPECT TO 
SPEED AND ENDURANCE CAPABILITY 
payload weight. This is especially a significant.re1ation- 
ship f o r  lighter- than-air vehicles. 
RPA airframe include: 
Materials and construction methods applicable to the 
Materia 1s 
(a) Advanced fibers and composite materials 
(b) Pre-preg 
(c) Foam 
(d) Thermo-forming plastics 
(e) Coated fabrics for Lighter-Than-Air (LTA) 
(f) Light metal 
vehicles 
Construction Methods 
(a) Conventional rib, stringer, skin 
(b) Foam core - single skin, double skin 
( c )  Above with/without spar 
With each concept goes a specific cost, weight, ease of 
construction, toughness, and other measures which can be 
used to assess which possibility is most promising. 
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Imaging Sensor  Systems 
Mission a p p l i c a b l e  s e n s o r s  d e f i n e  t h e  scope of  t h e  
a p p l i c a t i o n  and, t o  a l a r g e  e x t e n t ,  s i z e  t h e  a i r f r ame .  A 
wide v a r i e t y  of s e n s o r s  can  be cons idered  f o r  RPA a p p l i c a -  
t i o n s ,  and they  can be  c h a r a c t e r i z e d  as fo l lows :  
(1) O p t i c a l  Imaging Sensors  
( a )  V i s i b l e  and Near I n f r a r e d  - Vidicons ,  C C D ' s ,  
(b)  Middle and Far I n f r a r e d  - FLIR's, C D C ' s ,  
and F i l m  Cameras 
and P y r o e l e c t r i c  Vidicons 
( 2 )  Microwave Sensors  
( a )  P a s s i v e  - Radiometers and Spectrum Analyzers  
(b) Ac t ive  - Scanning Radar and S y n t h e t i c  
Aper tu re  Radar 
(3) Atmospheric Sensors  . 
(a) P o l l u t i o n  Monitoring Sensors  - Gas Chromato- 
graphs ,  Chemiluminescent Analyzers ,  
F luo rescen t  Analyzers ,  O p t i c a l  Transmis- 
someters ,  I R  Absorpt ion Spec t rometers ,  and 
Samp l e  Co 1 l e  c t ors 
(b) Mete ro log ica l  Sensors  - Temperature Senso r s ,  
P r e s s u r e  Senso r s ,  Humidity Senso r s ,  and 
Variometers  
A summary o f  o p t i c a l  s e n s o r s  and t h e i r  p r o p e r t i e s  i s  g iven  
i n  Table  4 . 1 .  
Again, t h e  cho ice  of s e n s o r  payload i s  determined by 
t h e  RPA mission.  For example, a t r a f f i c  s u r v e i l l a n c e  mis- 
s i o n  would sugges t  some t y p e  of o p t i c a l  imaging system; 
since t h e r e  is  no advantage i n  us ing  i n f r a r e d  for t h i s  
mi s s ion ,  a t e l e v i s i o n  system us ing  a v id i con  or a CCD would 
be t h e  most l i k e l y  choice. A s  w i th  any o p t i c a l  s e n s o r ,  t h e  
presence  o f  c loud  cover  would r e q u i r e  t h e  RP.4 t o  e i t h e r  
o p e r a t e  below t h e  c loud  c e i l i n g  or t o  g i v e  up t h e  miss ion .  
I f  nei ther  choice  i s  a c c e p t a b l e ,  a new type  of senso r  would 
need t o  be developed,  w i th  i t s  a t t e n d a n t  c o s t  and l e a d  time. 
I n  g e n e r a l ,  t h e  user must dec ide  t o  what  extent  h e  i s  w i l l -  
ing  t o  b u i l d  h i s  miss ion  around a v a i l a b l e  senso r  technology,  
or develop b e t t e r  s e n s o r s  for a less r e s t r i c t e d  miss ion .  
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FLIR and CCI? s e n s o r s  o p e r a t i n g  i n  t h e  fa r  i n f r a r e d  
r e q u i r e  c ryogenic  ( t y p i c a l l y  77'K) coo l ing  of  t h e  d e t e c t o r  
a r r a y .  For s h o r t  (%I  hr) o p e r a t i n g  times, coo l ing  could  be 
provided by a Joule-Thomson c r y o s t a t  and a compressed n i t r o -  
gen b o t t l e ,  or by a l i q u i d  n i t r o g e n d e w a r .  S ince  RPA 
endurances of 1 2  h r s  or longer  are cons ide red  p r a c t i c a l ,  
a c l o s e d  c y c l e  r e f r i g e r a t i o n  system running o f f  t h e  RPA 
engine would be a more l i k e l y  choice .  Cons ide ra t ion  i s  
being g iven  t o  t h e  use  of  a S t i r l i n g  engine  t o  p rov ide  both  
p ropu l s ion  and cryogenic  cool ing .  
t h e  s e n s o r  payload,  i f  i t  i s  an imaging system, could a l s o  
be used f o r  f l y i n g  and recover ing  t h e  RPA. For example, i f  
t h e  senso r  i s  a g imbal led  TV camera, it should  have t h e  
c a p a b i l i t y  of looking s t r a i g h t  ahead wi th  t h e  gimbals 
locked. 
I n  a d d i t i o n  t o  f u l f i l l i n g  t h e  miss ion  requi rements ,  
With r e s p e c t  t o  t h e  f i r e - f i g h t i n g  mis s ion ,  TV and i n f r a -  
r e d  imaging systems are most s u i t a b l e .  The s i ze ,  weight ,  
and power requirements  f o r  s o l i d  s t a t e  implementat ions of  
t h e s e  s e n s o r s  i s  c u r r e n t l y  q u i t e  minimal. As t h e  manufac- 
t u r e r s  of t h e s e  s e n s o r s  become d r e  p r o f i c i e n t ,  c o s t  can 
be expec ted  t o  drop t o  a l low c i v i l  a p p l i c a t i o n s  t o  emerge. 
A l a r g e  body o f  l i t e r a t u r e  [ 3 6 - 5 4 1  exis ts  i n  t h i s  area. 
The most promising new TV imaging  technology t o  emerge 
i n  r e c e n t  times i s  t h e  CCD (charge coupled  d e v i c e )  t e c h -  
nology. I t  is  noteworthy t h a t  what i s  novel  h e r e  i s  a new 
dev ice  s t r u c t u r e ;  t h e  p rocess ing  technology i s  t h e  same as 
t h a t  i n  t h e  semiconductor i n d u s t r y .  Besides imagers ,  CCD's 
have g r e a t  p o t e n t i a l  i n  a r e a s  of  mass memories and s i g n a l  
process ing .  S t a t e - o f - t h e - a r t  imaging a r r a y s  have been 
summarized i n  Table  4 . 2 .  Mini-RPA/remote s e n s i n g  a p p l i c a -  
t i o n s  w i l l  probably r e q u i r e  e l e c t r o n i c  exposure c o n t r o l  and 
a t  least  a ( 2 : l )  e l e c t r o n i c  zoom c a p a b i l i t y  on a 500 x 500 
element a r r a y .  Imaging p rocess ing  theory  i s  reviewed i n  
Appendix B and t y p i c a l  TV c o v e r a g e / r e s o l u t i o n  c a l c u l a t i o n s  
a r e  performed i n  Appendix A .  For f u r t h e r  in format ion  con- 
cern ing  miss ion  s e n s o r s ,  see Refs.  3 5 - 5 4 .  
Communication Sys tems 
The RPA d a t a  l i n k  requirements  are se t  p r i m a r i l y  by 
t e h  senso r  d a t a  ra te .  Any image w i t h  t h e  q u a l i t y  of com- 
merc i a l  t e l e v i s i o n  r e q u i r e s  a t  l e a s t  6 MHz bandwidth. The 
a d d i t i o n a l  bandwidth r e q u i r e d  f o r  t r a n s m i t t i n g  RPA f l i g h t  
d a t a  ( a l t i t u d e ,  a i r s p e e d ,  e t c . )  i s  r e l a t i v e l y  sma l l .  A t  
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S-band ( 2 - 4  G H z ) ,  a 10 MHz bandwidth t r a n s m i t t e r  weighs 
approximately 1 0  l b s  us ing  current technology.  By 1980,  
a 5 l b  system may be p o s s i b l e .  
Agains t  t r a n s m i t t e r  power and weight ,  one can t r a d e  
o f f  antenna ga in .  For RPA a p p l i c a t i o n s ,  t h e  r e t r o d i r e c t i v e  
phased a r r a y  appears  t o  be  t h e  most l i k e l y  antenna choice .  
Th i s  antenna senses t h e  d i r e c t i o n  of a r r i v a l  of t h e  u p l i n k  
from t h e  ground and d i rec ts  t h e  downlink back  a t  t h e  ground 
s t a t i o n .  I t  is p o s s i b l e  t o  make such a phased a r r a y  conform 
t o  t h e  s u r f a c e  of t h e  RPA, and conformal phased a r r a y s  
might be a v a i l a b l e  for use  by 1980.  
a b l e  phased a r r a y  antenna over  t h e  mechanica l ly  s t e e r e d  
systems a r e  widely apprec i a t ed .  A number of techniques  
are r equ i r ed  t o  make t h e  o v e r a l l  an tenna  system p r a c t i c a l  
i n  terms of weight ,  volume and c o s t .  Some of t h e  techniques  
The c o n s i d e r a b l e  advantages of an e l e c t r i c a l l y  s teer -  
which may 
c l u d e  t h e  
( 3 )  
b e  s a t i s f a c t o r i l y  implemented by t h e  1 9 8 0 ' s  i n -  
fo l lowing:  
Nonredundant a r r a y s :  C e r t a i n  u n f i l l e d ,  i n c m p l e t e  
o r  " s k e l e t a l "  a r r a y s  can p rov ide  angu la r  r e s o l u -  
t i o n  comparable t o  t h a t  of f i l l e d  a r r a y s  w i t h  
similar o v e r a l l  dimensions,  bu t  wi th  a loss of 
ga in .  
Beam s t e e r i n  : Advances i n  s o l i d  s t a t e  microwave __T_g sources  t r a n s i s t o r s ,  IMPATTS, TRAPXTTS) w i l l  
a l low one source  f o r  each i n d i v i d u a l  a r r a y  e l e -  
ment, avoid ing  bulky power d i v i d i n g  networks.  
The r e q u i r e d  phase r e l a t i o n  between sources  can 
be kept  by harmonic locking  t o  a r e f e r e n c e  o s c i l -  
l a t o r .  
Computer c o n t r o l :  Advances i n  microprocessor  
hardware technofogy a l low the i r  usage f o r  e f f i -  
c i e n t l y  g e n e r a t i n g  beam s t e e r i n g ,  beam shaping 
and a t t i t u d e  s t a b i l i z a t i o n  commands. This  t e c h -  
nology i s  p r e s e n t l y  w i t h i n  t h e  s t a t e - o f - t h e - a r t  
and w i l l  be f u l l y  u t i l i z a b l e  by the  1980's. 
Phased a r r a y  antennas a r e  c u r r e n t l y  being used i n  NASA 
s a t e l l i t e  and m i l i t a r y  systems.  I t  i s  r easonab le  t o  expect  
t h a t  by t h e  1980's t h i s  technology can be used f o r  c i v i l i a n  
RPA a p p l i c a t i o n s .  I t  is  noted  t h a t  th t :  two f e a t u r e s  o f  
phased a r r a y s  t h a t  make them a t t r a c t i v e  f o r  t h e  f i r e  f i g h t -  
ing  a p p l i c a t i o n  a r e :  (1) e l e c t r o n i c  beam s t e e r i n g  t o  remove 
mechanical s teer ing/mount ing  requi rements ,  and ( 2 )  e l e c t r o n i c  
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beam forming ( e . g . ,  narrow beam) t o  ensure t h a t  t h e  t r a n s -  
m i t t e d  power i s  propagated i n  t h e  r e q u i r e d  d i r e c t i o n .  
Phased a r r a y s  would make i t  easier t o  o b t a i n  FCC approval  
f o r  h ighe r  t r a n s m i t t e r  power l e v e l s .  P r i o r  t o  a f i n a l  
s e l e c t i o n  of  a phased a r r a y  antenna as a v i a b l e  system, 
d e t a i l e d  c a l c u l a t i o n s  p e r t a i n i n g  t o  antenna g a i n ,  beamwidth, 
s i d e l o b e s ,  weight ,  power and maximum s t e e r i n g  ang le s  must 
be performed. For f u r t h e r  i n fo rma t ion ,  see Refs.  5 5 - 7 5 .  
Approximate va lues  of  t h e  communication system power 
and bandwidth requi rements  f o r  t h e  f i r e  f i g h t i n g  mission 
can be ob ta ined  as fo l lows .  For l i n e - o f - s i g h t  (LOS) com- 
municat ion systems,  t h e  b a s i c  d i s t a n c e  equa t ion  i s  
Here,  hs and hr  r e p r e s e n t  t h e  Sensor  and Relay RPA a l t i -  
t udes  i n  f t ;  s e e  Fig.  4 . la .  
equa t ion  
The r e q u i r e d  t r a n s m i t t e d  power PT i s  g iven  by the  
lO(1og PT) = lO(1og Pr) + a + L - GT GR ( 4 . 2 )  
where 
Pr 
a is  t h e  p a t h  a t t e n u a t i o n  between i s o t o p i c  
L i s  t h e  sum of system l o s s e s ,  
GT 
GR 
i s  t h e  r e q u i r e d  power a t  t he  r e c e i v i n g  
an tenna ,  
antennas , 
i s  t h e  ground-based t r a n s m i t t e r  g a i n ,  and 
is  t h e  a i r b o r n e  r e c e i v e r  g a i n .  
The p a t h  a t t e n u a t i o n  a i n  Eq. (4.2) i s  g iven  by the  
equa t ion  
a = 37  + 20 log  f + 20  log D ( 4 . 3 1  
i n  u n i t s  of d e c i b e l s ,  where f i s  t h e  t r ansmiss ion  f r e -  
quency i n  megchertz,  and D i s  t h e  range i n  miles as given 
2 2  
i n  Eq. (4 .1) .  For f o f  6 GHz and D of 200 miles, c( is  
159 dB. The an tenna  g a i n  i n  d e c i b e l s  i s  given by t h e  
e q u a t i o n  
ANTENNA PARAMETER 
d (diameter) ft 
antenna gain 
(4 .4)  G 20 l o g  f + 20 log  d - 52.6 
10 ft 
43 dB 
AIRBORNE 
2 ft 
30 dB 
wherrt d i s  t h e  d i ame te r  o f  t h e  an tenna .  Equat ion ( 4 . 4 )  
was used  t o  compute t y p i c a l  v a l u e s  of GT and GR f o r  
an tenna  d i ame te r s  of 10 f t  and 2 f t ,  r e s p e c t i v e l y ;  t h e s e  a r e  
p r e s e n t e d  i n  Table  4.3. 
TABLE 4.3 - ANTENNA G A I N  VALU”‘ 
Now assume t h a t  t h e  power r e q u i r e d  a t  t h e  r e c e i v i n g  
antenna Pr  i s  - 7 0  dB and t h a t  system losses L a r e  6 dB. 
Then by us ing  Eq. (4 .2 ) ,  t h e  r e q u i r e d  t r a n s m i t t e d  power i s  
found as Thus, 
t h e  r e q u i r e d  power i s  about  100 watts. 
lO(l0g PT) = - 7 0  + 159 + 6 - 43 - 30 = 2 2 .  
The e q u a t i o n  f o r  computing bandwidth require .aents  i s  
B C/ log2 ( 1  + SNR) ( 4 . 5 1  
where C i s  t h e  channel  i n fo rma t ion  c a p a c i t y ,  and SNR i s  
t h e  s i g n a l - t o - n o i s e  r a t i o .  If i t  i s  assumed t h a t  C i s  
8 Mb/sec and SNR ( a t  t h e  demodulator)  i s  31 d B ,  t h e n  B i s  
1 . 6  MHz. 
I f  a p a s s i v e  r e f l ec to r  i s  used on t h e  Relay RPA,  t h e  
a t t e n u a t i o n  i s  g iven  by t h e  e q u a t i o n  
( 4 . 6 )  7 2 a = 10 ( l o g [ 1 . 2 5  x 1 0  (D1D2/A) 1)  
2 3  
where D1 and D2 a r e  t h e  d i s t a n c e s  from t h e  Sensor  R P A  
t o  t h e  Relay RPA and from t h e  Relay RPA t o  t h e  ground, a s  
i l l u s t r a t e d  i n  F i g .  4 . l a .  The q u a n t i t y  A i s  t h e  e f f e c t i v e  
r e f l e c t o r  a r e a  g iven  a s  
meter of 2 . 2  f t  and d i s t a n c e  D1 and D2 of  2 0 0  m i ,  t h e  
a t t e n u a t i o n  i s  about 197  dB. This  i s  an i n c r e a s e  o f  38 dB 
over  t h a t  g iven  b) Eq. ( 4 . 3 ) .  This  must be made up by i n -  
c r e a s i n g  t h e  t r a n s m i t t e r  power beyond 1 0 0  watts. which poses 
a major c o s t  f a c t o r .  Consequent ly ,  t h e  p a s s i v e  r e f l e c t o r  
concept  on t h e  Relay RPA i s  c u r r e n t l y  cons idered  t o  be 
i m p r a c t i c a l ,  a l though it  may become p r a c t i c a l  i f  t h e r e  a r e  
s i g n i f i c a n t  advances i n  phased a r r a y  component technology.  
2 xd2/4  i n  f t  . For an antenna d i a -  
Onboard Naviga t ion ,  Guidance and Cont ro l  
The f u n c t i o n s  o f  n a v i g a t i o n ,  guidance,  and c o n t r o l  a r e  
t o  guide  t h e  RPA t o  i t s  d e s i r e d  d e s t i n a t i o n a l o n g  a s p e c i -  
f i e d  t r a c k ,  t o  ma in ta in  adequate  a t t i t u d e  c o n t r o l  s o  t h a t  
t h e  miss ion  senso r  systems can o b t a i n  informat ion  of  adequate  
q u a l i t y ,  and t o  r e t u r n  t h e  v e h i c l e ( s )  back when t h e  miss ion  
i s  complete.  The systems a re  made up of i n s t rumen ta t ion ,  
computers,  so f tware ,  and a p p r o p r i a t e  i n t e r f a c e  equipment. 
For RPA miss ions ,  some of  t h e  n a v i g a t i o n ,  gu idance ,  and 
c o n t r o l  f u n c t i o n s  a r e  conducted by ground c o n t r o l  s o  t h a t  
t h e  d a t a  l i n k  i s  a l s o  a v i t a l  p a r t  of t h e  system. 
I t  i s  i n  n a v i g a t i o n ,  guidance,  and c o n t r o l  t h a t  system 
redundancy should b e  p l aced  t o  gua ran tee  o v e r a l l  system s a f e -  
t y .  Thus, one method f o r  i3pl.ementing t h i s  system would be 
t o  use two p a r a l l e l  microprocessors  w i th  l o g i c  t h a t  a l lows  
cross-checking .  The p rocesso r s  a r e  d i scussed  l a t e r .  
Low c o s t  i n s t rumen t s  and systems which a r e  candfda tes  
t o  conple t2  t h e  n a v i g a t i o n  and c o n t r o l  s y s t e m  inc lude  
p r e s s u r e  senso r s  ( a i r s p e e d ) ,  angular  acce le rame te r s ,  e l e c t r o -  
s t a t i c  a u t o p i l o t s ,  and magnetometers. Whether these  low 
c c s t  dev ices  can be used o r  no t  i s  dependent on t h e  accuracy 
r e q u i r e d ,  and whether t h e  s e n s c r  e r r o r s  can be aclequatel;.  
comgensa-ed f o r  i n  t h e  so f tware .  
These a v i o n i c s  f u n c t i o n s  w i l l  be l i f f e r e n t  f o r  each 
mission.  Thus, t h e  miss ion  d e s c r i p t i o n  crr. be used i n i t i a l -  
l y  t o  d e s c r i b e  i n  more d e t a i l  t h e  phases  r e q u i r e d  f o r  nav i -  
g a t i o n  ( p o s i t i o n  d e t e r m i n a t i o n ) ,  guidence ( s teer ing  along 
Predetermined p a t h  o r  t o  predetermined l o c z t i o n ) ,  and c o n t r o l  
( p o s i t i o n  and p i t c h / r o l l / y a w ) .  
ments d i c t a t e  which sensor combinations are a p p l i c a b l e .  
The a i r c r a f t  f l i g h t  smoothness requirements  (e.g. ,  f o r  
s t a b l e  o p t i c a l  viewing) w i l l  govern c o n t r o l  component 
accuracy. Add i t iona l  c o n s i d e r a t i o n s  inc lude :  
Navigat ion accuracy r e q u i r e -  
(a) Whether homing techniques  can be used t o  f l y  
v e h i c l e  ou t  and back. 
(b) Whether t h e  imaging senso r  r e t u r n  can b e  used f o r  
guidance and c o n t r o l  i n  an open-loop sense .  
(c)  To what e x t e n t  multiple v e h i c l e s  can be used f o r  
mutual nav iga t ion  and c o n t r o l .  
A v a r i e t y  of t echn iques  w i l l  be reviewed f o r  nav iga t ion  
of RPA's. Some of t h e  most l i k e l y  t echn iques ,  and t h e i r  
expected a c c u r a c i e s ,  are l i s ted  i n  Table  4 . 4 .  
TABLE 4.4 - SOME NAVIGATION SYSTEM CANDIDATES FOR RPA'S 
SY STEW I 
1. Differential LORAN 
2. Differential WEGA 
3. TERCOM 
4. Dedicated Wultilateration 
5. Satel l i te  Retransmission 
6. Dead Reckoning Via Imaging Sensor 
TYPICAL 
ACCURACY (FT) 
200 
2,000 
500 
20 
20 
C e r t a i n l y  t h e  s imples t  nav iga t ion  technique  is  t o  use  
an imaging s e n s o r ,  i f  i t  is  already on board t h e  RPA. Th i s  
does,  however, r e q u i r e  t h e  c o n s t a n t  or f r e q u e n t  a t t e n t i o n  of 
t h e  o p e r a t o r ,  and may n o t  be s u i t a b l e  i f  he i s  expected t o  
c o n t r o l  more than  one RPA. I t  is a l s o  l i m i t e d  t o  clear 
weather ope ra t ion .  For o p e r a t i o n  wi th in  t h e  c o n t i n e n t a l  
U.S., a n  a t t r a c t i v e  p o s i t i o n i n g  system is d i f f e r e n t i a l  
Loran. S ince  t h e  RPA w i l l  a l r e a d y  have a communication 
downlink, only a Loran r e c e i v e r ,  which  weighs a few ounces,  
need be added on board t h e  RPA. Conversion of t h e  Loran 
s i g n a l  t o  map coord ina te s  i s  performed by a microprocessor  
a t  t h e  ground s t a t i o n .  Omega r e t r a n s m i s s i o n  o p e r a t e s  i n  
the  same fa sh ion ,  and C f e r s  worldwide coverage a t  reduced 
25 
*- e* 
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accuracy.  Yhen ex t remely  a c c u r a t e  p o s i t i o n i n g  is r e q c i r e d ,  
a d e d i c a t e d  r u l t i l a t e r a t i o n  system cou ld  be used. A t  
least t h r e e  ground transmitters must be provided.  When 
n a v i g a t i o n  satel l i tes  (GPS) become o p e r a t i o n a l ,  t h e  need 
f o r  d e d i c a t e d  ground t r a n s m i t t e r s  w i l l  be e l i m i n a t e d .  
minimize on board weight ,  t h e  r e c e i v e d  s i g n a l s  would be 
t r a n s m i t t e d  f o r  ground p rocess ing .  
To 
Each a v i o n i c s  concept  is .sed t o  estimate t h e  a s s o c i -  
a t e d  i n s t r u e n t a * i o n  and s o f t w a r e  requi rements  for f u l l  
implementation. rhe so f tware  requi rements  are used i n  
t u r n  t o  choose t h e  p r o c e s s o r s  i n  terms of c o r e  s i r e ,  speed ,  
word l e n g t h ,  and i n s t r u c t i o n  set .  
The a v i o n i c s  t h a t  is a v a i l a b l e  can  be  o b t a i n e d  by 
survey  such  as t h a t  p r e s e n t e d  i n  Table  4.5.  Again, t h e  
s p e c i f i c  components must be s e l e c t e d  LO match t h e  miss ion  
requi rements .  
D i s t r i b u t e d  P rocess ing  System Technology 
The impact of s o l i d  s ta te  i n t e g r a t e d  c i r c u i t  (IC) t ech -  
nology has  been noted  i n  t h e  area of  s e n s o r s  ( v i s i b l e  and. 
i n f r a r e d )  and communication equipment (e .g . ,  low n o i s e  RF 
power sou rce ,  phased a r r a y  an tennas  and o t h e r  microwave 
IC's). The impact i n  t h e  area o f  d i g i t a l  d a t a  p rocess ing  
is e q u a l l y  s p e c t a c u l a r .  
The convent iona l  b lock  diagram of a computer is s h o m  
Fig.  4.4; t h e  d i s t i n c t i o n  between t h e  micro-processor  and 
t h e  micro-computer h a s  been d e l i n e a t e d .  Fig.  4.5  shows a 
one c h i p ,  16 b i t  mic ro -p rocesso r ,  t o g e t h e r  w i t h  a s s o c i a t e d  
i n t e r f a c e  e l e c t r o n i c s  on a p r i n t e d  c i r c u i t  card; by t h e  
1 9 8 0 ' ~ ~  t h i s  can  be expec ted  t o  be implemented on a s i n g l e  
hybr id  package approximately 1.5 i n  x 1 . 5  i n  x 3 i n ,  w i t h  
a power consumption o f  less than  two watts. Thus, t h e  major 
p o r t i o n  o f  t h e  t o t a l  computer volume w i l l  be occupied by 
memory. Some s imple  c a l c u l a t i o n s  i n  t h e  fo l lowing  i n d i c a t e  
j u s t  how much space  is r e q u i r e d ,  u s ing  1975 technology. 
I t  i s  expec ted  t h a t  t h e r e  w i l l  n o t  be a s i g n i f i c a n t  s ize  
r educ t ion  by t h e  1980's ,  un le s s  a s i g n i f i c a n t l y  d i f f e r e n t  
technology emerges, bu t  t h e  c o s t  :an c e r t a i n l y  b e  expec ted  
t o  reduce s u b s t a n t i a l l y .  
Memory s ize  c a l c u l a t i o n s . -  A promising approach t o  
reducing :he volume and power requi rements  i s  t o  implement 
t h e  memory i n  lK, 16 b i t - s l i c e s  by bonding 16 MOS memory 
ch ips  i n  a s i n g l e  m u l t i l a y e r  ceramic package. A p i c t u r e  


T.ABLE 3 . b  - .A SUFlhLARY OF OVZRALL MICRG-PROCESSOR 
FEATURES [ 9 9 1 
1972 
1973 
1974 
1975 
b 
CHARACTER IS TIC 
+ 
SPEED - POW ER PACKING 
TECH- CYCLE TIME PRODUCT DENSITY NOLOGY ( m c  ) (PJ) (gates/m ) 
PMOS 20 40 30 
NMOS 0.2 10 100 
TTL 0.2 100 19 
I IL  0.2 0.5  100 
Storage 
Word Length ( B i t s )  
S i z e  (Words) 
Size Increments (Words) 
Cycle Rate (kHz) 
Cycle T ime (psec) 
General Registers 
Index Registers 
Addresses 
Price ( C P U ,  Q ty  = 100) 
S i z e  
Centra 1 Processor 
MINI- 
MUM 
~~ ~~ 
1 
256 
64 
33 
0.125 
2 
1 
$30 
-- 
TY PI - 
CAL 
8 
16K 
2 56 
250 
4 
5 
1 
1 
$175 
-- 
MAXI- 
MUM 
~ 
16 
64K 
1K 
8000 
30 
64 
2 
1 
9500 
P ROJ E CTE D 
(1980's) 
~~~~ 
16 
32 K 
1K 
1000 
0.1 
64 
4 
1 
30 
10x10 i n .  
T;\BLE 4. - - MICRO-PROCESSOR FABRICATION PROCESSES [ 4 9 ]  
advances can be expec ted  t o  come i n  t h e  y e a r s  ahead;  one 
promising new technology t o  watch i s  t h e  molecular  o r  sand-  
wich semiconductor s t r u c t u r e s  be ing  developed a t  IBM f a c i l i -  
t ies.  
Othe r  Subsys tems 
The o t h e r  subsystems cons ide red  i n  t h i s  s e c t i o n  a r e :  
( I ) , p r o p u l s i o n  system, ( 2 )  launch and recovery  procedure ,  
( 3 )  ground c o n t r o l ,  and ( 4 )  man-machine i n t e r f a c e .  
Pro u1sion.-  A p r e s e n t ,  s u i t a b l e  powerplants  a r e  
a v a i l a  +e on y i n  broad horsepower s t e p s  and,  i n  t h e  lower 
power range,  on ly  i n  two-cycle  des igns .  For example, s u i t -  
a b l e  two-cycle  engines  are  a v a i l a b l e  i n  2 ,  1 0 ,  35 and 70 
horsepower sizes weighing about  1 pound p e r  horsepower. 
Ava i l ab le  f o u r - c y c l e  eng ines  would r e q u i r e  e x t e n s i v e  modi- 
f i c a t i o n s  and s t i l l  weigh approximately two pounds p e r  
hosepower. 
a l t e r n a t i v e s  but  a r e  n o t  a v a i l a b l e  i n  s u i t a b l e  forms a t  
p re sen t .  
Rotary p i s t o n  engines  a r e  c e r t a i n l y  promising 
In o r d e r . t o  r e p r e s e n t  p r o p e r l y  t h e  advantages i n  p e r -  
fnrmance a v a i l a b l e  t o  t h e  RPV des igne r  w i th  a wide range of 
engine  cho ices ,  t h e  cho ice  i n  t h e  des ign  s t u d i e s  w i l l  be 
open t o  e x i s t i n g  eng ines  r e q u i r i n g  v a r i o u s  deg rees  cf modi- 
f i c a t i o n  and t o  developmental  engines  f o r  which s u i t a b l e  
d a t a  e x i s t s .  
Such a d e c i s i o n  w i l l  a r ise  f o r  miss ions  wi th  long 
endurance. Take f o r  example a two-cycle  engine  weighing 
1 pound p e r  bhp making an s f c .  of  1 and a f o u r - c y c l e  engine 
w i l l  have equal  o r  lower t a k e o f f  weight t h a n  t h e  same RPA 
wi th  a two-cyc ls  engine.  I n  such a c a s e ,  a modif ied motor- 
c y c l e  engine  w i l l . b e  a good s o l u t i o n  even though i t s  " o f f -  
t h e - s h e l f "  form is  n o t  s u i t a b l e .  S i m i l a r  d e c i s i o n s  w i l l  
have t o  be made f o r  each chosen a p p l i c a t i o n .  
Launch and Recovery.- While exper ience  wirh  manned 
a i r c r a f t  g i v e s  b u i l d e r s  and u s e r s  of RPA's a sound b a s i s  
f o r  RPA s t r u c t u r e s ,  aerodynamics,  and p r o p u l s i o n ,  such 
exper ience  r e v e a l s  r e l a t i v e l y  l i t t l e  about how RPA opera-  
t i o n s  should be conducted. The a r e a s  of launch.  r ecove ry ,  
p r e - f l i g h t  procedures ,  v e h i c l e  t u rn -a round  l o g i s t i c s ,  ground 
c o n t r o l ,  and o t h e r  o p e r a t i o n a l  a s p e c t s  of RPA's a r e  s t i l l  
l a r g e l y  i n  the  exper imenta l  s t a g e s .  impor tan t  p r o g r e s s  i s  
be ing  made i n  t h i s  a r e a  t h a t  w i l l  be surveyed and i n c o r -  
po r t aed  i n  t h i s  s tudy .  O f  ? a r t i c u l a r  importance t o  many 
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c i v i l i a n  uses  are t h e  tests t o  be done by t h e  U.S. Army as 
p a r t  of t h e  L i t t l e  **r" program which w i l l  i n c l u d e  p o r t a b l e  
launch and recovery equipment and i n - t h e - f i e l d  l o g i s t i c  
suppor t .  I t  is  impor tan t  t h a t  t h e  RPA o p e r a t i o n  be cha rac -  
ter ized,  f o r  it w i l l  a f f e c t  o v e r a l l  system des ign  r e q u i r e -  
ments and t h e  manpower r e q u i r e d  f o r  o p e r a t i o n  and main- 
t enance  'mentioned ear l ier .  
A number o f  unconvent iona l  launch and recovery  methods 
need t o  be  s t u d i e d .  These inc lude :  
(1) Launch 
' m i n e a r  ( a i r ,  steam, bungee) 
(b)  R o t a t j  o n a l  ( h o r i z o n t a l ,  ver t ica l )  
(c) A i r  launch (a i rc raf t ,  ba l loon  drop)  
( b j  Snag on to  pad 
(c) Parachute  
(d) A i r  bag 
Ground c o n t r o l . -  I t  w i l l  be impor tan t  t o  assess t h e  
g r o u n d 6 1  requi rements  as p a r t  o f . t h e  o v e r a l l  c i v i l i a n  
RPA concept.  A l a r g e  amount of t h e  RPA's  s o p h i s t i c a t i o n  
w i l l  b e  i n  t h e  ground equipment. The ground equipment a l s o  
a l lows  c o n t r o l l i n g  s e v e r a l  v e h i c l e s  a t  once. Thus,  t h e  
ground equipment r e p r e s e n t s  t w o  major c q s t s  o f  t h e  t o t a l  
sys tem-- the  hardware/sof tware and t h e  pe r sonne l  r e q u i r e d  
t o  o p e r a t e  t h e  system. 
c e n t e r  is shown i n  Fig.  4 . 7 .  
One p o s s i b l e  mobile ground c o n t r o l  
There exists a t r a d e - o f f  between whether t h e  equipment 
f o r  o p e r a t i o n  o f  t h e  RPA should  be a i r b o r n e  o r  p a r t  of  t h e  
ground-based system. By use  of  d a t a  l i n k s  and a c e n t r a l i z e d  
computer, i t  is p o s s i b l e  t o  c o n t r o l  s e v e r a l  v e h i c l e s  wi th  
less overa ' l l  equipment. For example, a l l  t h e  n a v i g a t i o n  
and guidance computations can  be  done on t h e  ground wi th  
on ly  n a v i g a t i o n  s e n s o r s  and c o n t r o l  s e rvos  r e q u i r e d  on t h e  
a i rcraf t .  Also,  much o f  t h e  d a t a  p rocess ing  can be done 
c e n t r a l l y  on t h e  ground. This  saves  t h e  c o s t  of m u l t i p l e  
computers on each v e h i c l e ,  and i t  lowers t h e  risk i f  one of 
t h e  v e h i c l e s  i s  l o s t .  On t h e  o t h e r  hand, i t  i n c r e a s e s  t h e  
s o p h i s t i c a t i o n  r e q u i r e d  i n  t h e  d a t a  l i n k  and o v e r a l l  com- 
municat ions system. This  t r a d e - o f f  should  be examined i n  
terms of lowering t h e  o v e r a l l  system c o s t s  and enhancing 
r e l i a b i l i t y  and performance. 
Man-machine i n t e r f a c e . -  The assessment  of t h e  man- 
machine i n t e r t a c e  problems for a g iven  miss ion  w i l l  r e q u i r e  
c o c s i d e r a t i o n  of t h e  fo l lowing  f a c t o r s :  
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FIGURE 4.7 - MOBILE GROUND CONTROL CENTER [17] 
(1) The n a t u r e  of  t h e  o p e r a t o r  tasks f o r  t h e  e n t i r e  
miss ion .  Th i s  w i l l  r e q u i r e  p a r t i t i o n i n g  of t h e  
o v e r a l l  miss ion  i n t o  a sequence of o p e r a t i o n a l  
phases .  For example, i n  a cargo  d e l i v e r y  mis s ion ,  
t h e  o p e r a t i o n a l  phases  can be d e s c r i b e d  as:  
(a) launch ,  t a k e o f f ,  and cl imb;  
(b) e n r o u t e  n a v i g a t i o n ;  
(c) t a r g e t / d e s t i n a t i o n  a c q u i s i t i o n ;  
(d) cargo drop;  
(e)  assessment  of t h e  success  o f  t h e  drop;  
( f )  r e t u r n  r o u t e  n a v i g a t i o n ;  and 
(8) recovery ,  approach and landing .  
The ro le  of t h e  RPA crew ( c o n t r o l l e r s / m o n i t o r s )  
f o r  each phase of  t h e  mission should  be de f ined  
i n  terms of  t a s k  requi rements ,  t a s k  c o n s t r a i n t s ,  
e t c .  
3 3  
(2) The display/control requirements for each phase of 
and RPA mission should be defined on the basis of 
the task description discussed above. 
The level of automation for each phase of the 
mission should be defined. 
(3) 
(4) 
(5)  Then, the number of operators required as control- 
The number of RPA's possibly controllabls by one 
operator should be investigated. 
lers and monitors can be specified. 
Probable human operator tasks include: 
(1) Control tasks 
(a) closed-loop tracking; 
(b) closed- loop; and 
(c) open-loop programmed commands using computer 
terminal/waypoint specification. 
(2) Decision tasks 
(a) detection and acquisition; 
(b) discrimination; and 
(c) identification or.recognition. 
A representative collection of articles dealing with these 
topics is contained in Refs. 76-113. 
CHAPTER V 
CONCLUDING REMARKS 
The p r e c e d i n g ' c h a p t e r s  covered ,  i n  a p r e l i m i n a r y  man- 
ner, t h e  mis s ion -o r i en&ed  system components. The p r i n c i p a l  
i t ens  d i s c u s s e d  i n  t h i s  s e c t i o n  are:  (1) main RPA a l t e t n a -  
t ives ,  ( 2 )  system weight  a l l o c a t i o n ,  and ( 3 )  key techno1,gy 
a r e a s  d e s c r i b i n g  NASA r e s e a r c h  and development s u p p o r t .  
The mini-RPA system l e v e l  a l t e r n a t i v e s  i d e n t i f i e d  du r -  
i n g  t h e  cour se  of  t h i s  s tudy  are:  
(1)  A mini-blimp o r  b a l l o o n  cou ld  f u n c t i o n  a s  a 
communication l i n k  RPA; it  would r e q u i r e  a t rans-  
ponder and a X z  f l a s h e r  ( b e n e f i t :  c o s t  reduc-  
t i on /we igh t  s a v i n g ) .  
t h e  phased a r r a y  an tenna  and t h e  imaging s e n s o r ,  
b u t  imposes a requi rement  f o r  f l a t  o p t i c s / a v i o n i c s  
packaging . 
( 3 )  Link R P A ' s  may be a b l e  t o  p rov ide  s u f f i c i e n t l y  
=rat e 1 i n e -  of - s i g h t  (LOS) / t ime of arr  i v a  1 (TOA) 
n a v i g a t i o n  c a p a b i l i t y  f o r  t h e  s e n s o r  RPA ( b e n e f i t :  
weight  s a v i n g ) .  
-ector ( b e n e f i t :  w e i g h t / c o s t  s a v i n g ) ,  bu t  
t han  h i g h e r  qua l i t y /power  communication equipment 
r e q u i r e d  on t h e  ground/sensor  RPA; bu t  t h e  nav i -  
g a t i o n  f u n c t i o n  of item ( 3 )  i s  n o t  p o s s i b l e  i n  
t h i s  case. F i n a l l y ,  t h e  4 0  dB l o s s  (approximate)  
may make t h e  concept  t e c h n i c a l l y  i n f e a s i b l e .  
( 2 )  An a l l - w i n g  s e n s o r  RPA prov ides  a f l a t  a r e a  f o r  
( 4 )  Link RPA v i d e o / d a t a  l i n k  could  be a p a s s i v e  
Table  5 .1  p r e s e n t s  t h e  c u r r e n t  and p r o j e c t e d  equipment 
c o n f i g u r a t i o n  i n  terms of weight ,  s i z e  and c o s t  breakdown. 
The main subsystem a l l o c a t i o n s  fo l low t h e  system b l o c k  
diagram p r e s e n t e d  i n  F i g .  4 . 2 ,  namely, n a v i g a t i o n ,  t r a n s -  
ponder/beacon, d a t a  l i n k ,  image s e n s o r s ,  computer,  a c t u a t o r s /  
f l i g h t  s e n s o r s ,  power supp ly ,  p r o p u l s i o n / f u e l  and airframe. 
of  t h e  power supply and t h e  imaging senso r  system comprises  
some 25% of  t h e  t o t a l  a v i o n i c s  system weight .  Thus, t o  
reduce t h e  w e i g h t  o f  t h e  a v i o n i c s  payload ,  g r e a t e r  emphasis 
is recommended i n  t h e s e  two a r e a s .  Moreover, r e f e r r i n g  t o  
Table 5 .1 ,  i t  i s  noted t h a t  major weight  r e d u c t i o n s  w i l l  be 
In  both  t h e  1975 and 1985 p r o j e c t i o n s ,  t h e  combined w'eight  
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r e a l i z e d  mainly by t h e  use  of s o l i d  s t a t e  technology;  t h e  
most s i g n i f i c a n t  impact be ing  jn t h e  d i g i t a l  computer 
sys  tem. 
Table 5 . 2  p r e s e n t s  3 t.echnp'Dgy f o r e c a s t  o f  t h e  v a r i -  
ous subsystem developments and recommends a r e a s  f o r  NASA 
resea rch  and development s u p p o r t ,  t o  encourage mini-RPA 
a p p l i c c t i o n s  i n  t h e  c i v i l i a n  environment.  The main ob jec -  
t i v e s  of NASA suppor t  should  be i n  developing minimal c o s t  
s y s  tems. 
One p a r t i c u l a r  a r e a  r e c e i v i n g  n e g l i g i b l e  government 
suppor t  i s  t h e  development of A / D  c o n v e r t e r s .  This  i s  a 
b a s i c  component r e q u i r e d  t o  u t i l i z e  micro-computer t e c h -  
nology i n  a c o s t - e f f e c t i v e  manner. NASA should  p rov ide  
r e sea rch  i n t o  novel  techniques  f o r  implementing p o t e n t i a l l y  
low c o s t  A / D  c o n v e r t e r s  of adequate  accuracy and convers ion  
r a t e  f o r  aerospace  a p p l i c a t i o n s .  References p e r t a i n i n g  
t o  t h i s  s e c t i o n  a r e  1-14 through 138. 
The work done du r ing  t h i s  p re l imina ry  s tudy  has  i n d i -  
c a t e d  t h a t  a more d e t a i l e d  s tudy  should  be  conducted t o  
e s t a b l i s h  t h e  need f o r  mini-RPA's i n  t h e  c i v i l i a n  a p p l i c a -  
t i o n s  environment. A f low c h a r t  of such a mias ion -o r i en ted  
t r a d e - o f f  s tudy  i s  shown i n  Fig.  5.1. I t  i s  recommended 
t h a t  s t a r t i n g  wi th  t h e  v a r i o u s  u s e r  communities, t hose  
l e a d i n g  ta an .?arly use of RPA's be i d e n t i f i e d .  Then s y s -  
tem requi-rements should  be gene ra t ed  on t h e  b a s i s  of 
s e l e c t e d  miss ion  characteristics/scenarios, t ak ing  i n t o  
account  t h e  impact of v a r i o u s  r e g u l a t o r y  agenc ie s .  Fi . ;a l ly ,  
t he  recommended s tudy  should  c l e a r l y  i d e n t i f y  a r e a s  where 
f u r t h e r  NASA r e s e a r c h  and development funds should  be s p e n t  
and formula te  promising market i n t r o d u c t i o n  s t r a t e g i e s .  In 
conclus ion ,  i t  i s  b e l i e v e d  t h a t  mini-RPA's i n  c i v i l  a p p l i -  
c a t i o n s  may wel l  be t h e  next  major t e c h n o l o g i c a l  b e n e f i t  
of NASA r e s e a r c h  a c t i v i t i e s .  
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APPENDIX A 
TV COVERACE/RESOLUTION CALCULATIONS 
I t  is  of interest to  calculate the optical syster para- 
meters and ground resolution for the rini-RPA mission. 
Based upon the norenclature of.  Table A. 1, certain useful 
quantities are computed: 
- 7 x 13 Scale factor s - & = 
l o 3  x - 7  x - 2 s  
Focal length f - SH - 7 x 10'' x 0.6 x % 42 nm 
Field of view (FOV) = 24 x 20 
- where 
-1  0.2s x 1000 x 10 tan-l(O. 2) 0 = tan-' (G) = tan ( Z x 0.6 -7 
= 11.3' 
TABLE A. 1 - XOMEIYCLATURE 
r 
F 
L 
G 
K - Kell factor ~r 0.7 
5 - Scale factor 
f - Focal length 
H 
E - Exposure time/frame 
R - Readout time/frame 
FOV - Field o f  view (24 x 2 ~ )  
f# - Optics aperture stop 
V 
n - Bits/elment 
- Resolvable length ~r 0.25 m 
- Image target f o m t  size (edge)% (0.5 in)*- (13 IIUR)~ 
- f~ l ines 5 1ooo2 
- Ground resolution element 5 (0.25 in)* 
- Altitude 'L 2000 ft 'L 0.3 mn 0.6 km 
- Aircraft  speed % 250 ft /sec ~r 85 m/sec 
40 
Thus, f-stop ( f r )  ir :iven by 
3 2.2 f t m +  % 42 (0.2) 
1.83 x x L 1.85 x lo-' x 10 
1 < f # z  - 
Let f a  = 2.- Then, 
2 Object site/frame = Lr2 - 250 m 
Time/frame = 250/85 I. 3 seconds 
Tire/line = 3 msec 
Max exposure -4 lSec % 7~0/rsec 
Actual exposure time is determined by the intensity of inci- 
dent radiation and saturation exposure level. 
Let - 100 IUS (i.e., smear distance 'L 100 x te 
x 85 x lo3 % 8.5 nm) 
Then the allowable yaw rate is 
r 0.25 .I 1 rad/sec ' * 0.6x103x100x10- 
and the allowable roll rate is 
iR6Ht, > 0 .  s rad/sec 
Thus, 
Bits/frame = nL2 = 8 mega bits/frame 
I t  i s  recommended t h a t  frame d i f f e r e n t i a l  p u l s e  code 
modulat ion be used ( 3  b i t s /PEL) ;  i n  t h i s  case, 
b i t s / f r a m e  - 3L2 = 3Mb/frame. 
Because t h e  time p e r  frame is 3 seconds ,  i t  is  recommended 
t h a t  a new frame be gene ra t ed  and t r a n s m i t t e d  on ly  once p e r  
second. T h i s ,  t h e  r e q u i r e d  d a t a  ra te  i s  lMb/sec. A t  t h e  
ground f a c i l i t y ,  each frame is r e p e a t e d  30 times/sec t o  p r o -  
v i d e  a v i s u a l  f l i c k e r - f r e e  d i s p l a y .  I f  au tomat ic  f e a t u r e  
extract ion a lgo r i thms  a r e  t o  be employed, t h i s  frame rate  
is q u i t e  adequate ;  f rame- to- f rame d a t a  redundancy is  331. 
A number o f  a p p l i c a t i o n s  r e q u i r e  a m u l t i - s p e c t r a l  s canne r ;  
assuming 8 channels  o f  d a t a ,  t h e  d a t a  rate would be 8Mb/sec. 
A similar a n a l y s i s  can  be  performed f o r  CCD i n f r a r e d  s e n s o r s ,  
c u r r e n t l y  under development by Hughes and o t h e r  companies. 
For f u r t h e r  i n fo rma t ion  concerning s e n s o r  systems,  see 
Refs. 35-54.  
APPENDIX B 
IMAGE PROCESSING 
This  appendix summarizes t h e  c u r r e n t  s tate of develop-  
ment of image p r o c e s s i n g  t h e o r y ,  based on t h e  r e f e r e n c e s  
( p a r t i c u l a r l y  Ref. 1 1 4 ) .  
F igure  B . l  shows t h e  c o n f i g u r a t i o n  o f  a t y p i c a l  p i c t u r e  
c o m u n i c a t i o n  system. The i d e a l  image of  an o b j e c t ,  
g ( x , y ) ,  i s  conver ted  t o  an a c t u a l  image, f ( x , y ) ,  by an  
imaging system (e .g . ,  r e t u r n  beam v i d i c o n )  and sampled and 
quan t i zed  t o  g i v e  a d i g i t a l  image, f ( i , j ) ,  d e f i n e d  he re  
a s  a matrix of numbers. Th i s  d i g i t a l  image f ( i , j )  i s  
s u i t a b l y  encoded and t r a n s m i t t e d  a c r o s s  an a p p r o p r i a t e  
channel .  A t  t h e  r e c e i v e r  end, t h e  r e c e i v e d  p i c t u r e  s i g n a l s  
a r e  decoded t o  y i e l d  t h e  r e c e i v e d  d i g i t a l  image f ( i , j ) .  
The r e s t o r a t i o n  f i l t e r  performs an o p e r a t i o n  o p p o s i t e  t o  
t h a t  of t h e  imaging system t o  g i v e  a r e s t o r e d  i d e a l  image 
(i, j ) which is f u r t h e r  passed  through an  enhancemnt  
f i l t e r  and d i s p l a y e d  t o  t h e  human obse rve r .  
of t h e  enhancement f i l t e r  is  t o  modify t h e  r e s t o r e d  image 
g ( i , j )  t o  match human psychovisua l  c h a r a c t e r i s t i c s  an3 
as a r e s u l t  produce an image t h a t  i s  more p l e a s i n g  and 
a c c e p t a b l e  t o  t h e  human eye. 
A 
The purpose 
Image Coding 
The o b j e c t i v e  of image coding is  t o  minimize t h e  num- 
b e r  of code b i t s  r e q u i r e d  t o  r e c o n s t r u c t  an  image so t h a t :  
(a) t h e  channel  bandwidth can be reduced,  (b) t h e  image 
can be t r a n s m i t t e d  a t  t h e  f a s t e r  ra te ,  o r  (c) t h e  communica- 
t i o n  t r a n s m i t t e r  power can be reduced.  
App roaches  
1. 
2 .  
3. 
4 .  
5 .  
6. 
I 'ulse Code Modulation (PCM) 
S t a t i s t i c a l  Coding 
P r e d i c t i v e  Coding 
(a )  D i f f e r e n t i a l  Pu l se  Code Modula- 
t i o n  (DPCM) 
(b) Del t a  Modulation (DM) 
I n t e r p o l a t i o n  Coding 
Contour Coding 
Transform Coding 
BITS/PEL 
8 
3 , 4  
3 
2 
1 
2 
- -  
Coding can be i n t r a f r a m e  and/or  i n t e r f r a m e .  
4 3  
0 
c 
c 
0 
c; 
- 
Transform Coding 
F igure  B.2 shows a block diagram of  a g e n e r a l i z e d  t r a n s -  
form image coding system. An o r i g i n a l  d i g i t a l  image, 
denoted by f ( j , k ) ,  is d e f i n e d  h e r e  as an a r r a y  of samples 
o f  a cont inuous  two-dimensional i n t e n s i t y  p a t t e r n  o f  l i g h t .  
The samples o f  t h i s  image under-go a two-dimensional t r a n s -  
format ion  over  t h e  e n t i r e  image or some s u b s e c t i o n s  of t h e  
image c a l l e d  b locks .  The r e s u l t a n t  t ransform samples ,  
denoted by F (u ,v ) ,  a r e  t h e n  ope ra t ed  on by a sample 
s e l e c t o r ,  S ( u , v ) ,  t h a t  d e c i d e s  which samples a r e  t o  be 
t r a n s m i t t e d  on t h e  b a s i s  of  magnitude o r  geometrica.1 l o c a -  
t i o n  i n  t h e  p lane .  A bandwidth r e d u c t i o n  can be achieved 
by t h i s  s e l e c t o r  simply by n o t  t r a n s m i t t i n g  a l l  of  t h e  
t ransform domain samples.  Those samples t h a t  a r e  t o  be 
t r a n s m i t t e d  are then  quan t i zed  and coded. A t  t h e  r e c e i v e r ,  
t h e  samples are decoded and i n v e r s e l y  t ransformed t o  form 
t h e  r e c o n s t r u c t e d  image P ( j  , k ) .  
General  Represen ta t ion  
Mathematical ly ,  a two-dimensional t ransform maps a two- 
dimensional  image a r r a y  o f  dimension* NxN i n t o  a two- 
dimensional  arrp;. o f  t h e  same dimension by 
N - 1  N - 1  
F(u,v) = Z Z f ( j , k )  a ( j , k , u , v )  u , v = O , l ,  ..., N - 1  
j = O  k=O 
where a ( j , k , u , v )  i s  t h e  forward t ransform k e r n e l .  A 
r e v e r s e  t r ans fo rm i s  d e f i n e d  by 
N - 1  N - 1  
u=o v=o 
f ( j , k )  = C Z f ( u , v )  b ( j , k , u , v )  j , k =  0 , 1 ,  ..., N - 1  
where b ( j , k , u , v )  i s  t h e  r e v e r s e  t ransform k e r n e l .  When t h e  
func t ion  f ( j , k )  i s  e q u i v a l e n t  t o  t h e  o r i g i n a l  image f ( j  ,k), 
t h e  r e v e r s e  t ransform i s  c a l l e d  an i n v e r s e  t ransform.  
* 
For s i m p l i c i t y ,  assume a l l  a r r a y s  t o  be squa re  
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Channel Decoder 
i 
4 forward (or r e v e r s e )  t ransform k e r n e l  i<  s a i d  t o  be 
s e p a r a b l e  i f  i t  can be w r i t t e n  as 
Inverse I-:.: - 2  
*Transform . b 
. r f U , V )  , i:; ,L) 
A s e p a r a b l e  two-dimensional t ransform can  be computed i n  two 
s t e p s :  a one dimensional  t ransform a long  each row of t h e  
image f ( j  ,k) ; 
w nr- 1: 9 ns t r tic t c a 
N-1 
and then  a one-dimensional  t ransform a long  each column of 
F(u,k)  9 
N - 1  
F(u ,k)  = C F ( u , k )  a k ( k , v )  
k= 0 
I t  i s  o f t e n  u s e f b l  t o  express  two-dimensional t ransforms 
i n  ma t r ix  form i f  t h e  t ransform kerne l  i s  s e p a r a b l e .  Let 
[ f ]  be an  image ma t r ix  r e p r e s e n t a t i o n  of  t h e  a r r a y  f ( j , k )  
and [F] b e  a t ransformed image matrix r e p r e s e n t a t i o n  o f  
F ( u , v ) ,  then a two dimensional  t ransform can b e  w r i t t e n  as 
where [aj ] and [a,] are one-dimensional transform matrices 
along rows and columns of an image. I f  [a.] and [ak] have 
inverses, then a two-dimensional inverse transform can be 
written as 
I 
Hadamard Transform 
The Hadamard transform is based on the Hadamard matrix 
with is a square array of plus or minus m e s .  
order Hadamard matrix can be written as 
The lowest 
and the construction of a Hadamard matrix of order N can 
be written by the following recursive relation: 
. 
1 
P 
where N=Zn and n is an integer. The matrix [PI is a 
permutation matrix which permutes the rows of 
that the number of sign changes of each row increases with 
the row index. This is the sequency ordered Hadznard matrix. 
The Hadamard matrix is real, symmetrical, and orthonorm- 
al. Therefore, the forward transform can be written as 
such 5 
and t h e  i n v e r s e  t ransform becomes 
Figure  B . 3  c o n t a i n s  a zketch  of t h e  Hadamard t ransform 
waveforms o f  o r d e r  16.  The sequency p r o p e r t y  and a c o n s t a n t  
b a s i s  v e c t o r  can b e  e a s i l y  seen  i n  t h e  waveforms. 
Fast t ransform a lgo r i thm. -  Computation o f  t h e  t r a n s -  
form F(u ,v)  i s  performed i n  two s t e p s .  F i r s t ,  a one- 
dimensional  H-transform is  t aken  a long  each row o f  t h e  a r r a y  
f ( j , k ) .  Then a second,  one-dimensional  H-transform Is t aken  
a long  each column of t h e  a r r a y  f ( j , k ) .  Computation of t h e  
one-dimensional  H-transform by b r u t e  f o r c e  methods r e q u i r e d  
N 2  o p e r a t i o n  ( N  f 2” = dimensions of t h e  squa re  a r r a y )  where 
an o p e r a t i o n  is an  a d d i t i o n  o r  s u b t r a c t i o n .  A f a s t  H- t r ans -  
form i n  one dimension t a k e s  N log2N o p e r a t i o n s .  
T o t a l  No. o f  o p e r a t i o n s  = N 2 logZN 2 
. 
Sto rage  r e q u i r e d  = N 2  + 2[2” - 11 
Image r e s t o r a t i o n  and enhancement.- Image r e s t o r a t i o n  
i s  deFined as t h e  r e c o n s t r u c t i o n  o f  an image t o  comDensate 
f o r  deg rada t ion  i n  t h e  image format ion .  
r e s t o r a t i o n  a p p l i c a t i o n s  inc lude :  c o r r e c t i o n  of image b l u r r  
caused by defocus or image motion du r ing  exposure ,  geometr ic  
d i s t o r t i o n  compensation and s e n s o r  n o i s e  compensation. Image 
enhancement, on t h e  o t h e r  hand, e n t a i l s  o p e r a t i o n s  t h a t  i m -  
prove t h e  appearance of  an image t o  a human viewer or s i m p l i -  
f y  t h e  d i s p l a y  format  f o r  human a n a l y s i s .  
Typica l  imsge 
Image r e s t o r a t i o n . -  Image degrada t ion  i n  p i c t u r e  com- 
municat ion ma): be caused by a v a r i e t y  o f  f a c t o r s .  I n  image 
r e s t o r a t i o n ,  t h e  degrading system is  mathemat ica l ly  modeled 
a s  some l i n e a r  o r  n o n l i n e a r  o p e r a t i o n  on an i d e a l  d i s t o r t i o n  
f r e e  image. Image r e s t o r a t i o n  impl i e s  t h e  use o f  methods 
t o  recover  t h e  i d e a l  image from t h e  d i s t o r t e d  image. A 
block diagram o f  t h e  image r e s t o r a t i o n  p rocess  is shown i n  
F i g .  B . 4 .  I n  many c a s e s  of p r a c t i c a l  i n t e r e s t ,  t h e  degrading 
system may be modeled by a g e n e r a l  l i n e a r  space  v a r i a n t  
system a s  fo l lows :  
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Degrading Imaqe  b Restoration Image System 
f ( x , y )  
b 
P. 
where 
and h(x,z) is the SVPSR (Space-Variant Point Spread Func- 
tion) oT The degrading system. 
B.5. The image restoration scheme for the degrading system 
of Fig. B . 5  is shown in Fig. B.6. The space-invariant filter 
6 " ( z )  is chosen to be an inverse filter of h(t) OT as a 
two-dimensional Wiener filter. 
Ma..  SVPSF's can be further decomposed as shown in Fig. 
f ( x  ,y) 
Computations. - 
2 Geometrical Distortions: Ti1 and T2 
1 2-dimensional linear convolution. 
5 0  
FIGURE B . 5  
FIGURE B. 6 - GENERAL SPACE-VARIANT DECOMPOSITION 
OF THE DEGRADING SYSTEM 
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